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We obtained the phase and intensity images of an object by detecting classical light which never
interacted with it. With a double passage of a pump and a signal laser beams through a nonlinear
crystal, we observe interference between the two idler beams produced by stimulated parametric
down conversion. The object is placed in the amplified signal beam after its first passage through
the crystal, and the image is observed in the interference of the generated idler beams. High contrast
images can be obtained even for objects with small transmittance coefficient due to the geometry
of the interferometer and to the stimulated parametric emission. Like its quantum counterpart,
this three-colour imaging concept can be useful when the object must be probed with light at a
wavelength for which detectors are not available.
The image obtained from an object illuminated by cor-
related photons has been studied in different experimen-
tal schemes usually referred to as quantum imaging [1, 2].
Sub-Rayleigh imaging [3, 4] and single photon imaging
with structured light [5] are examples of applications of
quantum light imaging. In a recent work, Lemos et al.
constructed the intensity and phase images of an object
by detecting photons which have never interacted with
it [6]. The authors used the pairs of entangled photons
generated by spontaneous parametric downconversion as
a quantum source, such that one of the photons could in-
teract with the object while the other one was detected.
The quantum correlations between the photons and a
fundamental path indistinguishability in an interferome-
ter [7, 8] were responsible for that result. The effect is
distinct from the previous methods based on ghost im-
ages [9, 10], direct image [11] or interaction-free imaging
[12], since it is necessary to detect only one photon from
each pair, the other one being discarded [13]. The ex-
periment reported in [6] was theoretically explained in
[14]. A variation of the experiment of quantum imaging
with undetected light, using three crystals, is analyzed
by S. Ataman in a Gedankenexperiment demonstrating
that an object can be undetectable [15]. The visibility
of the interference pattern is responsible for the imaging
contrast and can be optimized in different parametric
down-conversion gain regimes as discussed theoretically
by Kolobov et al. [16].
In this work we show a classical analogue of the exper-
iment by Lemos et al. [6]. In our experiment depicted
in Fig. 1, a pump and a signal laser beams are injected
into a non-linear crystal in the forward and in the back-
ward directions, producing classical light (which we call
idler) through the process of stimulated down conversion
[17]. An object is placed in the path of the amplified
signal beam, after its first passage through the crystal.
It is known that amplitude and phase distributions of
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the stimulating signal beam are transferred to the result-
ing idler beam [18–20]. Our technique also relies on the
classical version of the frustrated two-photon creation by
interference [21]. The idler beams produced in the first
and second passages of the pump and signal beams are
perfectly aligned at the crystal and interfere, revealing
the phase and intensity image of the object, even though
the idler beams did not interact with it. In this sense,
we show that what is necessary for obtaining the object
image by using light that did not interact with it are the
spatial and phase correlations between the beam that
interacted with the object and the detected beam, not
necessarily entanglement as in [6]. A difference between
our experiment and its quantum counterpart [6] is that
interference visibility is not a linear function of the ob-
ject transmittance [22], meaning that very high contrast
images can be obtained even of objects that are nearly
opaque [16]. Ref. [23] predicts that, for objects with
small mean transmittance, the signal to noise ratio in
a similar arrangement using a classical phase-conjugator
source is higher than that which can be obtained in quan-
tum imaging with undetected photons [6]. As in [6] we
can choose the illuminating wavelength and the detec-
tion wavelength independently, which is useful in appli-
cations where illumination must be at either end of the
wavelength spectrum for which cameras are not easily
obtained. Our setup is a particular instance of a non-
degenerate nonlinear interferometer first discussed in [24]
and shown to give an improved signal-to-noise ratio in
phase measurements compared with a conventional in-
terferometer [25, 26]. In our variant of the non-linear
interferometer, the seed beam enters in the mode where
an object is placed, and the other mode is used for imag-
ing.
A simplified scalar theory is sufficient to explain the
imaging phenomena, with the beams in the paraxial
regime. The pump beam is considered to be a plane wave
with angular frequency ωp on both passages through the
crystal. We assume that the signal beam is monochro-
matic with an angular spectrum given by A˜(q′x, q
′
y;ωs) in
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2its first passage through the nonlinear crystal.
An idler beam is generated in the first passage of the
pump and signal beams through the nonlinear crystal
[27]. In Fig. 1, we represent the coordinate axes of the
signal and idler beams that propagate in the zˆ′s and zˆ
′
i di-
rections, respectively. With the reflection of these beams
by the mirrors M1 and M2, we change the coordinate
axes such that the beams propagate in the zˆs and zˆi di-
rections. The phase matching conditions imply that the
incidence of the pump beam in a plane wave mode and
a signal beam with an angular spectrum A˜(q′x, q
′
y;ωs) at
the nonlinear crystal produce an idler beam with angular
spectrum B˜1(q
′
x, q
′
y;ωi) = αA˜(−q′x,−q′y;ωi) and an angu-
lar frequency ωi = ωp − ωs , where α is a constant that
depends on the nonlinear properties of the crystal and on
the amplitude of the pump and signal beams [27]. The
intensity of the signal beam increases by a factor 1 + |α|2
and the intensity of the pump beam decreases by a fac-
tor 1−|α|2, such that energy is conserved in the process.
In our experiment, we have |α|  1, such that we can
disregard the variation of the pump and signal beams
intensities.
The lens L2 projects the Fourier transform of the signal
field at the crystal on the object plane positioned very
close to the mirror M2 [28]. The field amplitude just
before the object can thus be written as E(x′, y′;ωs) =
FL2
[
A˜(q′x, q
′
y;ωs)
]
, with FL2 meaning Fourier transform.
The index L2 is indicating that the scale of the Fourier
transform depends on the focal length of the lens L2.
We assume that the object has a transmission coefficient
t(x, y)eiγ(x,y), with t(x, y) and γ(x, y) being real func-
tions, in the coordinate axes given by (xs, ys, zs) in Fig.
1. The signal field becomes E(x,−y;ωs)[t(x, y)]2e2iγ(x,y)
with the signal double passage through the object and
its reflection by the mirror M2. The inversion of the y
component of the field is associated to the inversion of
the ys axis in relation to the y
′
s axis due to reflection.
The lens L2 then projects the Fourier transform of this
field onto the nonlinear crystal.
In the second passage of the pump and signal fields
through the nonlinear crystal, the idler field generated
on the first passage is also present, but with a much
smaller intensity than those fields, which should not
result in extra nonlinear effects. The stimulation of
the reflected idler beam in the second parametric down
conversion was neglected in the calculation, such that
the total idler field considered here is the sum of the
idler fields in each passage with no amplification due to
the reflected idler beam. The second passage produces
an idler field with angular spectrum B˜2(qx, qy;ωi) =
αFL2
[
E(−x, y;ωi)[t(−x,−y)]2e2iγ(−x,−y)
]
. Note that
the inversion of the signs of the x and y coordinates of
the idler field in relation to the signal field is due to the
fact that the phase matching conditions impose that a
transverse wavevector component q in the xsys plane of
the signal field produces an idler beam with transverse
wavevector component −q in the xiyi plane.
Lenses L2 and L3 have the same focal length. L3
projects the Fourier transform of the idler beam at the
crystal on the mirror and then the Fourier transform of
the field at the mirror M1 back to the crystal. A phase
shifter PS positioned between L3 and M1 allows the con-
trol of the relative phases between the idler beams gener-
ated in the first and in the second passages of the pump
and signal beams through the nonlinear crystal. This
phase is adjusted to be φ when there is no object close
to M2. L4 then projects the Fourier transform of the
idler beams at the crystal on the detection plane. Since
L4 has twice the focal length of L2 and L3, there is a
magnification by a factor of 2 [28]. The idler field at the
detector (CCD camera) is thus
ED =αE
(
−x
2
,
y
2
;ωi
)
eiφ + (1)
+αE
(
−x
2
,
y
2
;ωi
) [
t
(
−x
2
,−y
2
)]2
e2iγ(−x/2,−y/2),
where the first term in the right side represents the idler
beam component that was generated in the first passage
of the pump and signal beams through the nonlinear crys-
tal. The second term in the right side represents the idler
beam component that was generated in the second pas-
sage of the pump and signal beams through the crystal.
The light intensity at the detector is
I(x, y) ∝
∣∣∣E (−x
2
,
y
2
;ωi
)∣∣∣2
×
∣∣∣∣1 + [t(−x2 ,−y2)]2 ei[2γ(−x/2,−y/2)−φ]
∣∣∣∣2 .
(2)
By detecting the intensity I(x, y) on the CCD with differ-
ent phases φ, the object amplitude t(x, y) and the phase
pattern γ(x, y) can be obtained. From Eq. (2), it can
be seen that in each detector position (x, y) we will have
a sinusoidal variation of the intensity with a controlled
variation of φ. The visibility V (x, y) associated to each
position is
V (x, y) =
Imax − Imin
Imax + Imin
=
2
[
t
(−x2 ,−y2)]2
1 +
[
t
(−x2 ,−y2)]4 , (3)
where Imax and Imin represent the maximum and mini-
mum intensities of the interference pattern at the position
(x, y), respectively. So by measuring V (x, y) and invert-
ing Eq. (3) we can recover t(x, y). The intensity maxima
occur when γ(−x/2,−y/2) = φ/2, so that by measuring
Imax(x, y) for several different values of φ we can recover
γ(x, y).
In the cases of “pure amplitude”, t(x, y) with γ = 0
and “pure phase”, γ(x, y) with t = 1 objects, an alter-
native method can be used. Replacing the visibility by a
contrast
C(x, y) =
I0
I0 + Ipi
, (4)
where I0 and Ipi refer to the intensities measured with
φ = 0 and φ = pi, respectively, it is easy to work out
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FIG. 1. Experimental setup. Type-II stimulated parametric downconversion is produced at a BBO nonlinear crystal NLC with
the incidence of a vertically polarized pump beam and a vertically polarized signal beam. The pump beam is produced by a
single mode laser diode with wavelength 405 nm and pumps the NLC with 7.2 mW power. The signal beam is produced by a
laser diode with 830 nm and reaches the NLC with 2.8 mW power. The lens L1, with focal distance 500 mm, focuses the signal
beam on the crystal. A horizontally polarized idler beam is thus produced with wavelength 792 nm. The angle between the
pump beam and the signal (idler) beam is arround 9 degrees (8 degrees). The pump beam is reflected backward by mirror
M5 for a second stimulated parametric downconversion process. The lens L2, with focal length 150 mm, projects the Fourier
transform of the signal field at the crystal on the object positioned very close to mirror M2 and then the Fourier transform
of the field reflected by M2 with two passages through the object on the crystal again. The distances between NLC and L2
and between L2 and M2 are 150 mm. The lens L3, with focal length 150 mm, projects the Fourier transform of the idler beam
at the crystal on the mirror M1 and then the Fourier transform of the field at the mirror on the crystal again. The distances
between NLC and L3 and between L3 and M1 are 150 mm. The phase shifter PS controls the relative phases between the idler
beams generated in the first and second passages of the pump and signal beams through the nonlinear crystal. The lens L4,
with focal length 300 mm, projects the Fourier transform of the idler field at the crystal on the CCD camera. The distances
between NLC and L4 and between L4 and the CCD are 300 mm. The bandpass interference filter (IF) is centered in 792 nm
with bandwidth of 20 nm. The CCD camera used is a ICCD. Pixel dimensions of the CCD is 6.7 µm × 6.7 µm.
Eq. (2) to show that
t(x, y) =
{
1− 2√C(x, y)− [C(x, y)]2
2C(x, y)− 1
} 1
2
, (5)
when γ(x, y) ≡ 0, and
γ(x, y) =
1
2
arccos[2C(x, y)− 1], (6)
when t(x, y) ≡ 1.
We first illustrate our method by obtaining the relative
intensity image of a letter ‘q’ printed on a transparency
film positioned very close to the mirror M2 in the scheme
of Fig. 1. Fig. 2(a) shows the transmission object. Fig.
2(b) displays the relative intensity image on the CCD
camera for φ = 0 and Fig. 2(c) displays the relative
intensity image for φ = pi. The contrast C(x, y) and re-
covered image of t(x, y) using Eq. (5) are displayed in
Figs. 2(d) and 2(e), respectively. It should be noticed
that the contrast C(x, y) for a pure transmission object
should lie between 0.5 and 1. However, due to intensity
and pixel readout fluctuations, as well as residual phase
variations in the transparency, C(x, y) may assume val-
ues less than 0.5 for some pixels. This leads to imaginary
values for t(x, y) in Eq. (5). Those pixels (6.6% total)
were discarded when applying Eq. (5).
As a second example, a phase image is produced by re-
placing the mirror M2 and the transmission object O in
Fig. 1 by a reflection type phase-only spatial light modu-
lator (SLM). The SLM pixel size of 20 µm × 20 µm allows
a good spatial resolution for the object exhibited in the
liquid crystal display. Different gray scales on the SLM’s
display add different phases on the reflected light field.
Fig. 3(a) shows the phase pattern used. Inside the letter
‘z’ the phase is pi and outside it the phase is zero. This
object has therefore a reflection coefficient r(x, y)eiγ(x,y),
with r(x, y) and γ(x, y) being real functions, in the co-
ordinate axes given by (xs, ys, zs) in Fig. 1. There is
not a signal double passage through this reflection object
as assumed above for a transmission object and there-
fore Eqs. (2) and (3) are modified by doing the follow-
4a)
FIG. 2. Imaging of transmission object in pixel scale (pixel
dimensions of the CCD are 6.7 µm × 6.7 µm). (a) Letter ‘q’
printed on a transparency film is the object positioned close
to mirror M2. (b) Relative intensity image on the CCD cam-
era for a constructive interference condition, φ = 0 in Eq. (2).
(c) Relative intensity image on the CCD camera for a destruc-
tive interference condition, φ = pi in Eq. (2). (d) Contrast
calculated with Eq. (4). (e) Transmission pattern t(x, y) re-
covered using Eq. (5). The color scale used is proportional
to the relative intensity in (b) and (c), to the contrast in (d)
and to the transmittance in (e).
ing substitution: [t(−x/2,−y/2)]2 → r(−x/2,−y/2) and
2γ(−x/2,−y/2) → γ(−x/2,−y/2). In an ideal reflec-
tion phase object, r(−x/2,−y/2) = 1. For our SLM,
r(−x/2,−y/2) = 0.94. The phase shifter is again ad-
justed for φ = 0 in the CCD image of Fig. 3(b) and
φ = pi in the image of Fig. 3(c). The contrast C(x, y)
and the recovered phase pattern γ(x, y) using Eq. (6) are
shown in Figs. 3(d) and 3(e), respectively.
To summarize, we were able to construct intensity and
phase images of an object by detecting classical light
which never interacted with it. We showed therefore that
the method used in Ref. [6], where quantum images of
objects were produced by detecting photons that did not
interact with it, has a classical analogue. As in the case
a)
FIG. 3. Imaging of a phase object. (a) Phase pattern of the
phase object in pixel scale generated by a phase spatial light
modulator in the position of M2. Pixel dimensions of the
SLM are 20 µm × 20 µm. (b) Relative intensity image in
pixel scale on the CCD camera for a constructive interference
condition, φ = 0 in Eq. (2). (c) Relative intensity image in
pixel scale on the CCD camera for a destructive interference
condition, φ = pi in Eq. (2). (d) Contrast calculated with Eq.
(4). (e) Phase pattern γ(x, y) recovered using Eq. (6). The
color scale used is proportional to the relative intensity in (b)
and (c), to the contrast in (d) and to the phase (radians) in
(e).
of the entangled states produced in Ref. [6], classical
states of light produced by stimulated parametric down-
conversion also have a high degree of spatial and phase
correlations. We have used these correlations to achieve
our results. The truly quantum aspect of Ref. [6] is that
high quality images were produced without stimulated
emission, which cannot be explained by classical physics.
Besides the fundamental implications of this work,
there are potential applications, especially because the
frequency of the photons that interact with the object
may be different from the frequency of the detected pho-
tons. Although the wavelength chosen for the idler and
signal beams here are close, this is not necessary. Any
5two wavelengths that satisfy the phase matching condi-
tion can be explored. This fact can be used for opti-
mizing the efficiency of the imaging procedure when the
light that illuminates the object must have a frequency
far from its absorption range. In biological samples, for
instance, it may be useful to illuminate the samples with
infrared radiation avoiding excessive light absorption and
the consequent sample modification, while the light de-
tectors are optimized to optical frequencies in the visible.
Our technique can have the same future applications as
the ones shown in Ref. [6], except those which require
quantum fields.
It is interesting to note that no phase locking between
the input pump and signal beams is necessary to con-
struct the image with the idler beam. In the stimulated
down-conversion regime it is possible to speak about
the phase correlation between the pump and the down-
converted beams: the sum of the phases of the down-
converted beams is equal to the phase of the pump beam.
Therefore, the phase locking is intrinsic. A parallel be-
tween the stimulated down-converted imaging scheme
and quantum illumination can be established. In both
schemes a nonlinear crystal performs the correlation al-
though in quantum illumination entanglement has a spe-
cial role [29, 30]. In quantum illumination it is observed
an effective signal-to-noise ratio gain in the detection of
a weak reflecting noisy target by doing joint measure-
ment between the signal photon transmitted by the tar-
get and the ancilla idler photon. It would be interesting
to investigate this aspect also here as a classical counter-
part. Another interesting feature is that the coherence
length of the idler and signal beams can be very high,
being defined by the coherence length of the input laser
beams. This is not the case in the experiments discussed
in reference [6], since the coherence length of the photons
generated by spontaneous parametric downconversion is
determined by the inverse of the bandwidth frequency
of the interference filters used at the detectors, usually
being much smaller than what we have here. Our classi-
cal imaging technique can thus be used to image objects
which present large variation in thickness throughout its
profile. The high gain regime of our experiment also
enables the high contrast imaging of objects that have
very low mean transmittance [16, 22, 23], which is often
the case with biological samples. The length difference
between the interferometer arms in our experiment do
not need to be controlled with high precision as in the
quantum version of Ref. [6], making the classical inter-
ferometer easier to implement and more robust to noise.
Another advantage is that classical fields have higher in-
tensities and can generate an image much faster than in
the quantum limit, where photons are detected one by
one.
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